Simultaneous observations of the three components of geomagnetic variations were made with five flux-gate magnetometers and two Askania magnetometers on Miyake jima Island during a period from November, 1969 to July, 1970. Observed records are analyzed mainly by making use of the techniques of power spectral analysis and transfer function. The island effect on geomagnetic variations is approximately separated from the effect of the central Japan anomaly by comparing transfer functions determined at each observation point. As a result of the analysis, it is found out that the central Japan anomaly gives rise to peculiar frequency characteristics at stations on Miyake-jima Island.
Introduction
Anomalies of geomagnetic variation represented by a peculiar behavior of the Z component have been found in many regions all over the world. Observations of the three components of geomagnetic variations have so far been carried out in such regions as Europe, the U.S.A., Canada, the west coast of South America, Australia, the far east of U.S.S.R., and Japan. Geophysical interpretations of these anomalies have also been put forward in relation to other geophysical evidences, especially the anomaly of heat flow and P wave velocity and attenuation. An anomaly of geomagnetic variation is caused by electric currents induced in anomalously distributed conductors, i.e, irregular distribution of poorly-conductive land and conductive sea, heterogeneous distribution of sedimentary layer in the crust, or undulation of conductive layer of the upper mantle. In contrast to the study of the overall distribution of the electrical conductivity within the earth by Chapman and Price (1930) , Lahili and Price (1939) , Rikitake (1950) , and so on who analyzed geomagnetic records collected from observatories widely distributed all over the world, the study of the present concern is necessarily based on regional or local data.
When observation is conducted near the sea or on an island in the ocean, it has often been found that the geomagnetic variations there are seriously affected by the sea and the coupling between the sea and the conductor in the upper mantle . In order to get at an anomalous distribution of the conductor in the upper mantle, attention should be paid to these points. In some cases, effect of the conductive sea on geomagnetic variations has been found very clearly being called the island effect, the coast effect, the peninsula effect, and so on.
In Japan, many observations have so far been made. Intensive observations are still under way in the hope of getting at the detailed nature of the anomaly of geomagnetic variations there. As a result, a number of anomalies have by now been found. Of these anomalies, the following two anomalies are most important. One is the central Japan anomaly found by Rikitake and his coworkers (1959) , the other is the northeastern Japan anomaly by Kato and others (1968) . As Japan is surrounded by the sea, the sea effect on geomagnetic variations have been a target of intensive studies notably by Sasai who brought out the sea effect on Oshima Island (the island effect, 1967) and on Kui Peninsula (the peninsula effect, 1969). In discussing the central Japan anomaly arising from something deep in the mantle, the island and peninsula effects as found on Oshima Island and Kui Peninsula should be eliminated.
The central Japan anomaly is thought to extend toward the Pacific Ocean, but the observations in the sea regions are conducted only on islands such as Oshima Island, Hachijo jima Island and Aoga-shima Island. Therefore, observations on Miyake jima Island which is located between Oshima Island and Hachijo jima Island seems very important in order to study the southern extent of the central Japan anomaly. It is also important to examine the sea effect from the observations by use of an extensive variometer array as operated on Miyake jima Island.
The electromagnetic coupling between the conductive sea and the conductive layer in the upper mantle, which can possibly be estimated by comparing observed changes in the geomagnetic field with theoretical ones, enables us to determine the depth of the conductive layer from the surface. As the intensity of electric currents induced in the cal component) to the theoretical one is smaller for a shallow mantle layer than that for a deep one.
It is highly interesting to see the electrical structure along with the thermal structure under the Izu-Mariana island arc, to which Miyake jima Island and other islands belong, especially in relation to the plate tectonics. In this region, it is believed that the plate is sinking down. Whether or not the electrical and thermal conditions are compatible with the theory will provide a key-point for the validity of the theory.
Localities of observation point
Miyake jima Island, on which observations of the three components of geomagnetic variations were made, is a small volcanic island of which the diameter amounts to only (b) Localities of temporary geomagnetic observation points. 6-7km. The island being situated at a point about 170km south of Tokyo, it becomes the third island of the Seven Izu Islands on which the island effect has been observed in detail. As can be seen in Fig. 1(a) , Oshima Island is about 70km distant to the north of Miyake jima Island and Hachijo jima Island is about 100km to the south, and these islands belong to the Izu-Mariana island arc. These islands are shown in Fig. 1 (a) along with a part of Honshu, the main land of Japan. Variographic work has been carried out at nine observation points as shown in Fig. 1(b) . Observations were made at six points, Ka, Ak, Sa, Tu, Mi, Na, from the beginning of November, 1969 to the end of May, 1970 and at three points, Iz, Oy, Ta, from the beginning of June, 1970 to the end of July, 1970. Askania magnetometers were used at three points, Na, Oy, Ta, while flux-gate magnetometers were used at others. A running test of magnetometers was made at Ak, Ako Middle School, from Oct. 30 to Nov. 3 before observations at each point on this island were made. After confirming that all the magnetometers work well, observations began at each point.
During the observations, many events were recorded such as magnetic storms, bays, sudden storm commencements, and so on at each point except Ta. These records provide a set of data for studying the geomagnetic variation anomaly on the island.
Examples of typical event
It is interesting to see the features of typical events such as bay, sudden storm commencement, magnetic storm, before detailed analyses of data mainly by use of power spectral analysis are conducted. Simultaneous records for a sudden storm commencement at the four stations are shown in Fig. 2 . The shape of the Z component resembles that of the H component throughout all the stations, but at station Ira, which is located at the northern extremity, a reverse kick of the Z component is observed at the beginning of an ssc. Such a kick is also seen in Fig. 3 , which shows a part of the records of a magnetic storm. Magnetograms for a bay-like variation at six stations are shown in Fig. 4 , in which we observe very clearly that the Z component changes parallel to the H component at all the stations.
In the light of the period-dependent behavior of geomagnetic changes thus observed, it is important to investigate the frequency characteristics of the relation between the Z component and the horizontal (H and D) ones, especially that at station Ira. In the following section, analyses will be made by using the techniques of power spectral analysis and transfer function, which may possibly clarify the frequency characteristics. Coefficients A and B are constants peculiar to an observation point. The above relation defines a "preferred plane" on which vectors of geomagnetic changes tend to lie. In many cases, short-period fluctuations such as bays have customarily been used to determine coefficients A and B, but such a method is incomplete because the frequency characteristics cannot be brought to light. Although it is possible to examine frequencydependent characteristics of A and B by making use of magnetic records for many events of various duration times as has been studied by Utashiro et at. (1969) on Hachijo jima Island, detailed study in this line can only be effected by making use of spectral analysis.
In this section, the writer will make use of the techniques of spectral analysis in order to determine the frequency characteristics of the three components of geomagnetic variations, while, in the next section, transfer functions based on the power spectra thus obtained will be introduced.
After Munk et at. (1959) , a spectral analysis is conducted in a following way. When where w1 and w2 are to be selected properly according to the feature of power spectra.
The writer analyzed a number of records of magnetic storm covering duration ranges of about 24 hours. It is aimed at obtaining power spectra in the period range from as white noises.
Power spectra of each record are shown in Fig. 6 , in which it is clearly observed that the longer the period is, the larger is the power for all the components. The power spectra of the H and D components are almost equal at all the stations, but those of the Z components are not as can be found easily from original records.
Coherence spectra between H and Z and between D and Z are shown respectively in Fig. 7 . As for the former, a high coherence is obtained for long periods at all the stations, but not for short periods except at Tu. As for the latter, no good coherence is found for all periods at all the stations. The poor coherence spectra between H and D are shown in Fig. 9 (b). Phase difference spectra between H and Z are shown in Fig. 8 . A small phase difference between H and Z is thus brought out at all the stations except Ka, where the phase of the Z component seems to be opposite for short periods to that of the H component. Such a tendency is a typical phenomenon of the island effect. Phase difference spectra between D and Z are shown in Fig. 9(a) . A small phase difference for short periods is indicated. Though the phase differences seem to be large for a long period range, no stress should be put on the fact because the coherences between D and Z are poor for such a period range.
Detailed analyses of magnetic records on Miyake jima Island will be made in the next section by making use of the transfer function technique on the basis of the power spectra calculated in this section.
Transfer function
As mentioned in the preceding section, the Z component of short-period geomagnetic variations is in many cases correlated to the H and D components in a way expressed as where PHH' PDD denote the auto power spectra and PHD and the like the cross power spectra.
As we can obtain the auto power spectra and the cross power spectra by the technique stated in the preceding section, transfer functions A, B are easily calculated. As the records involve many sudden fluctuations, they provide excellent data for computing power spectra for short periods. Transfer functions thus obtained are shown in Fig. 13 and Fig. 14 , while the mean transfer functions are shown in Fig. 15 . In this case, the imaginary parts are always smaller than the real ones.
5. The island effect and the central Japan anomaly 5.1. The separation of the island effect from the central Japan anomaly In the previous sections, it has readily been seen that the Z component of geomagnetic variations behaves quite differently from station to station even if the distance between stations amounts to only a few kilometers. In discussing the anomalous behavior of the Z component, the writer believes that use of transfer functions will provide a powerful way of tackling the problem. Transfer functions are of cource different from station to station, but the transfer function obtained at a station represents a physical condition peculiar to that station. As already mentioned, geomagnetic variations on Miyake jima Island seem to be affected by both the island effect and the central Japan anomaly. It is important, therefore, to separate the former from the latter in order to compare the observed values representing the island effect with the calculated values obtained from the model calculation of the island effect. In the first place, it is reasonable to suppose that the effect of the central Japan anomaly is almost uniform all over the island because the dimension of the island is much smaller than that of the anomaly, so that the difference in the transfer function between various stations are assumed to be caused entirely by the island effect. In the next place, it would also be natural to suppose that the frequency-dependence of the transfer function does not seem to be caused by the island effect, because it is almost the same at all the stations.
When we consider the penetration depth of geomagnetic variations, the effect of the central Japan anomaly, of which the cause is believed to be seated somewhere deep in the mantle, would disappear for geomagnetic variations having periods shorter than a certain period. It is expected, therefore, that the frequency characteristics of the transfer function would disappear at a certain period, and hence the transfer function would represent only the island effect for periods shorter than that.
In Fig. 15 , what we expected seems to be demonstrated very well. An inflection point seems to appear at around five-minute period. It can be concluded from the fact that the effect of the central Japan anomaly disappears for periods shorter than five minutes. Such a result makes it possible to separate the island effect from the central Japan anomaly. Transfer functions representing the island effect at each station are determined approximately from values for five-minute period, while the central Japan anomaly can readily be obtained by subtracting the values representing the island effect from the original transfer functions at each station.
The frequency characteristics of the central Japan anomaly on Miyake jima Island
In the previous section, it has been shown how to separate the island effect from the central Japan anomaly. As a result, it is concluded that the effect of the central Japan anomaly on this island begins to appear at about five-minute period becoming larger and larger for longer periods, at least up to two hours. Such a conclusion seems to have an important bearing on the study of the central Japan anomaly. Table 2 for various periods. The direction of the transfer vector, which clockwise from the geographical south. It is found from this fact that the direction of the transfer vector representing the central Japan anomaly is approximately NNW-SSE. In Fig. 16 , the transfer vectors at each station are illustrated for various periods. The direction and the length of transfer vectors are different for different periods at each station. Especially at Iz, Ak and Ka are observed a great change in the vector depending on period. Transfer vectors for long periods are dominated by the central Japan anomaly and point to the almost same direction at all the stations, while those for short periods are dominated by the island effect tending to point to the nearest deep sea. It is well known that the island effect is caused by electric currents induced in the sea around the island. In order to calculate theoretically the island effect, therefore, it is required to estimate induced currents in the sea. The depth of the sea under consideration is usually so small that it can be ignored comparing to a typical wave length of varying geomagnetic field. In this case we can replace the sea by a thin sheet of conductor. As for the contrast of the conductivity between the sea and the island, we may adopt a model of non-uniform thin sheet of conductor.
The theory of electromagnetic induction within a non-uniform thin sheet of conductor has already been established by A. T. Price (1949) . After his theory, the total sheet current intensity is written as where W is the magnetic potential and suffices + and -indicate the positive and nega tive faces of the sheet respectively. Suffix i denotes the induced potential.
In the case of a plane sheet, it is known that Wi+=-WiTherefore, we obtain (1) where Ze and Zi denote the Z component of the inducing and induced field respectively. Now, the induced current function is separated into two parts, i.e. uniform current func-
The last term of (4) is called the self induction term and negligible in the case of a small island as discussed by Sasai (personal communication, 1970) . The equation to be solved then becomes
where In obtaining (6), it is assumed that the inducing potential is given as and A0 is taken for unity for convenience's sake. Though it is difficult to solve (5) analytically, an approximate solution can be obtained by making use of the relaxation method.
In the actual calculation, numerical values of some parameters involved are assumed as while the integrated conductivity of the island is assumed to be equivalent to that of the sea the depth of which is 10m. In the relaxation method, the writer adopted a 40km
squares mesh putting the island in the center. A 1km mesh interval was adopted in the actual calculation.
The induced potential on the sheet is written as
The magnetic fields by the induced current, X (the northward component) and Y (the westward component) are expressed by the induced potential as while the Z component is expressed as
The bathymetric contours around Miyake jima Island is shown in Fig. 17 . Figure  18 shows the current pattern induced in the sea as calculated by the method mentioned above when the inducing field varies in the north-south direction. It is shown very well that the induced currents flow in such a way as to be deflected by the poor-conductive island and concentrate in the deep sea which is more conductive than the shallow one. Judging from the distribution pattern of electric currents, it is concluded that the Z component at the southern extremity of the island must be larger than that at the northern one provided the field increases northwards. Figure 19 (a) shows the in-phase part of the total northward magnetic field for an inducing field of unit amplitude pointing to the north. The out-of-phase part is very small all over the island. The horizontal field is almost uniform all over the island. Figure 19(b) shows the in-phase part of the westward magnetic field for the same inducing field. The out-of-phase part is again very small. The east-west field is almost uniform all over the island, too, although the amplitude is very small. Such an east-west field is believed to be caused by the distortion of induced currents by the island. Figure 19 (c) shows the in-phase part of the downward magnetic field for the same inducing field. The vertical field exhibits outstanding characteristics called the island effect. The sign of the field at a station located at the north of the island is different from that at the south, while the amplitude changes continuously from the south to the north. The amplitude of the out-of-phase part is smaller than that of the in-phase part. Figure 20 shows the current pattern induced in the sea when the inducing field changes in the east-west direction. The sea to the east of the island being deeper than that to the west, the Z component at the eastern portions of the island is larger than that at stations at the western portions of the island.
Figures 21(a) and 21(b) show the in-phase part of the northward and westward field respectively for the westward inducing field having a unit amplitude. These fields are almost uniform all over the island, while the out-of-phase parts are very small. Figure 21 (c) shows the in-phase part of the downward magnetic field for the west-ward inducing field. In this case the amplitude of the Z component changes continuously from the east to the west, and the sign of the field at a station located at the eastern portion is different from that at the western portion. The amplitude of the out-of-phase part is smaller than that of the in-phase part. The in-phase parts and the out-of-phase parts of three components at each station are shown in Table 3 , (a) for the northward inducing field and (b) for the westward inducing field.
Comparison between the observed and calculated fields
In Section 5, the island effect is separated from the central Japan anomaly at each observation point, while the island effect is estimated on the basis of a non-uniform thin sheet model in Section 6. It is, therefore, possible and important to compare the observed values with the calculated values. Going back to the definition of A and B in Section 4, real and imaginary parts of A can be calculated from the three components associated with the induction by a north-south field in the model. These are denoted are given in Table 4 It is noticeable that Pa and Pb are almost equal with one another amounting to about 0.5, but Qa and Qb are not. As we find no anisotropic feature around Miyake jima Island, the fact that Pa is equal to Pb seems to be quite natural. The fact that Qa equals to almost 0.0 is also understandable, but the fact that Qb does not equal to 0.0 requires some explanation. The writer thinks that the constant may represent another anomaly because of its uniformity all over the island. This anomaly must lie in the east-west direction near the island and probably in the upper mantle. In the case of Bu, the observed values also amount to about the halves of the calculated values provided the constant is subtracted from the observed values. As a result, it turns out that the observed values amount to only about fifty percent of the calculated values so long as a calculation of the island The frequency dependence of the in-phase part of the transfer function obtained from the model calculation of the island effect at some stations is shown in Fig. 23 . It will be confirmed that the frequency characteristics appeared in the preceding section is not due to the island effect. Table 5 are shown in Fig. 25 . The observed vectors seem to agree well with the calculated vectors at each station. Anomalous geomagnetic variations observed on Miyake jima Island can be accounted for by superposing the central Japan anomaly, which is frequency-dependent, on the island effect. All through the present analyses, the technique of transfer function is found very useful. But it is to be pointed out that the transfer function at a station differs from analysis to analysis, because of components not necessarily bound to the preferred plane. These components which seem to fluctuate at random in most storm time variations being uniform in a narrow region, the differences in transfer function between stations are always constant. It turns out, therefore, that the transfer function at a temporary station is obtained from the analysis of only one magnetic storm time variation provided the transfer function there is compared with that at a permanent geomagnetic observatory where the mean transfer function is obtained from analyses of many magnetic storm time variations.
The separation between the central Japan anomaly and the island effect could be made by making use of the frequency characteristics of the central Japan anomaly. These characteristics have not been found very clearly at stations located in an area where the central Japan anomaly prevails. Records at some stations on Kui Peninsula and on Qshima Island have already been analyzed by Sasai (1969 Sasai ( , personal communication 1970 , but transfer function there did not indicate such frequency characteristics as those found on Miyake jima Island. Although the cause of the central Japan anomaly has not been made quite clear till now, a model based on an undulation of a highly-conducting mantle layer has been put forward by Rikilake (1969) . So long as a perfect conductor model is concerned, no frequency characteristics is found. A finite conductivity model should be taken intoaccount in order to explain the frequency characteristics on Miyakejima Island and other stations. It will be very important for future study to establish a finite conductivity model, though it is no easy matter to tackle such a problem.
As for the island effect, the observed values agree fairly well with the halves of the calculated values at all the stations. The model calculation is made on the basis of a non-uniform thin sheet model and the coupling effect between the sea water and the subterranean conductive layer has not been taken into consideration. Such a coupling weakens the current intensity induced in the sea. It seems plausible to suppose, therefore, that the coupling is very strong, that is, the subterranean conductive layer under Miyake jima Island upheaves close to the earth's surface. Such a guess would be supported by the fact that Seven Izu Islands, to which Miyake-jima Island belongs, involve a number of active volcanoes and materials under these areas are perhaps hotter than under other areas. But in this paper, the depth of the conductive layer cannot be estimated. This will be obtained in a future report.
In the course of the comparison between the observed values and the calculated ones, the writer reaches a conclusion that there is a new anomaly around the island running in the east-west direction. This anomaly will have something to do with the underground thermal structure, because a plate is said to sink down in the east of the IzuMariana island arc.
The results are summarized as follows; The geomagnetic variation anomaly on Miyake jima Island consists of three parts.
1. The central Japan anomaly of which the transfer functions are given in Table 1. 2. The island effect which is strongly affected by the coupling between the sea water and the subterranean conductive layer.
3. A new anomaly in the east-west direction in which Bu amounts to about 0. 
